Focusing electromagnetic energy to subwavelength dimensions has become an increasingly active field of research for a variety of applications such as heat-assisted magnetic recording, nanolithography, and nanoscale optical characterization of biological cells and single molecules using the near-field scanning optical microscopy technique. Double-sided surface plasmons in a metal-insulator-metal (MIM) geometry can have very small wavelengths for dielectric of thickness of less than 10 nm. A tapered dielectric structure sandwiched between metal can be used to efficiently couple electromagnetic energy from free space photons to the plasmonic wavelengths at the nanoscale. In this paper, we present the fabrication and characterization of a novel MIM plasmonic lens structure.
Conventional optics can only focus light to a diffractionlimited spot size of approximately λ/2n in a medium with refractive index n. For visible wavelengths, the diffractionlimited spot is on the order of 100 nm even in a high index transparent material like diamond (n ∼ 2.4). In order to further focus light to smaller dimensions, one approach has been to use the confinement of electric fields that occurs around a sharp tip.
1,2 Near-field scanning optical microscopy (NSOM) is another standard technique for confining light to minimum spot size of ∼100 nm using metallized pulled optical fibers with a nanoscale aperture. The transmission through these tapers is evanescent, and further reduction of the aperture size results in significant reduction in throughput. 3 Throughput is not necessarily the right figure-of-merit in any case, since the effect of the focusing structure is to concentrate electromagnetic energy within a small electric or magnetic dipole volume, and it is this transfer efficiency of energy to the dipole structure that is important, and not necessarily the throughput. Bow-tie antennas and C-shaped aperture antennas [4] [5] [6] are alternate optical frequency designs. Another good approach to confine electromagnetic energy has been to take advantage of the short optical wavelengths of waves running along a metal-dielectric interface, known as surface plasmons. 7 Grating couplers, similar to antennas, can be used to couple free space light into surface plasmons. Furthermore, a circular grating can be used to focus these surface plasmons toward a spot at the center of the circle. This is analogous to a lens for free space light, which results in a higher intensity at the focal point. 8 Unfortunately, single-sided plasmons have a small spot size only near the surface plasmon frequency of the metal and the dielectric. In contrast, the wavelength of doublesided plasmons can be tuned geometrically by varying the thickness of the gap. It has been shown that the plasmon wavelength of the microstrip transmission line mode in a metal-insulator-metal structure decreases with the thickness of the dielectric. 9 Thus, one can control the focal spot size by employing double-sided plasmons in a transmission-line structure with an adjustable thickness dielectric. However, this introduces the additional complication of requiring a way to efficiently couple energy from a large dielectric thickness to the smaller thickness, such as a tapered structure. 9, 10 The basic design parameters of a 3D tapered metal-insulatormetal structure for focusing double-sided plasmons to nanometer scale dimensions is discussed in ref 9. The present paper outlines a novel approach to the top-down fabrication of this three-dimensional transmission line nanostructure along with the results of preliminary experimental characterization.
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Principle and Design. It has been shown 9, 12 that doublesided surface plasmons can confine light to the nanometer scale by decreasing the dielectric thickness of the metalinsulator-metal stack. Figure 1 shows the dispersion relation of Au-SiO 2 -Au stack for various dielectric thicknesses using the optical constants from ref 13 . It is evident from the graph that for a fixed wavelength of operation, say 633 nm (1.96 eV), the double-sided surface plasmon wavelength can be varied from 330 nm to less than 30 nm by varying the thickness of SiO 2 from 100 nm down to 1 nm.
In this work, we employ a tapered MIM structure, as shown in Figure 2a , to focus double-sided surface plasmons by tapering the microstrip transmission line to a sharp point. An optimal taper angle ensures efficient coupling of electromagnetic energy from larger plasmonic wavelengths to nanoscale plasmonic wavelengths with minimum resistive and reflective energy losses. 9 A circular grating coupler is designed to couple free space visible light into single-sided surface plasmons before they traverse the taper to an outcoupling facet. As the plasmons propagate across the taper, their phase velocity is reduced in proportion to their wavelength. The two-dimensional analogue of the classical 3D immersion lens, formed in a 2D transmission line is depicted in Figure 2b . We refer to this focusing structure as a plasmonic dimple lens. We note that this structure is fundamentally different from a classical immersion lens in that the effective index is changing continuously; and that this change can be larger than an order of magnitude. These traits lead to unique properties owing to the extremely high achievable refractive index for MIM plasmonic waveguide mode. The short plasmonic wavelengths at the end of the taper give rise to strong excitation of the optical electric field at the focal tip. Thus, optical focusing is achieved in all three dimensions, confining energy to the nanoscopic tip. The design parameters and field enhancement estimates can be found in Chapter 3 of ref 9 .
While the terminal thickness of the dielectric taper and the semicircular shape of the dimple lens determine the smallest achievable 2D spot size of energy focusing, the optimal taper angle determines the efficiency of energy coupling from large plasmonic wavelengths to small plasmonic wavelengths. The most appropriate figure-of-merit which accounts for both of the above can be defined 9 by F ) cεE 2 max /P in , where F has the dimension of 1/area and it represents the energy focusing area of a lens. It not only represents the 1/spot size of focused energy but also accounts for energy compression along the direction of propagation and energy losses down the taper. This figure-of-merit should be used to compare the different candidate structures such as those mentioned in the introduction. A crude figure-ofmerit of a plasmonic lens can just be simplified to the spot size of the focusing achieved at the focal point of the lens since this can be monitored more easily than the local electric field at the nanoscale.
Fabrication and Measurement. The critical dimension determining the spot size of the focused plasmonic energy structure shown in Figure 2 is the final thickness of the dielectric at the end of the taper. The fabrication of a threedimensional semicircular dimple taper in a dielectric terminating with a thickness of a few nanometers poses a significant challenge. For small dielectric thickness in a MIM structure, double-sided surface plasmons have short wavelengths (see Figure 1) , which have large resistive energy losses and hence short propagation lengths. 9 Since the plasmonic currents are flowing on the metal surfaces, they suffer additional energy loss by scattering via interface roughness. It has been observed that e-beam evaporated gold and silver surfaces typically have surface roughness greater than 2-3 nm rms due to the formation of grains.
14, 15 To keep this scattering loss low, it is important to ensure smooth surfaces at the two metal-dielectric interfaces that support plasmons. In view of these considerations, we fabricated the plasmonic dimple lens as a Au-dielectric-Au structure where the dielectric consisted of a layer of poly(methyl methacrylate) (PMMA) and a layer of thin silicon nitride. The maturity in silicon processing yields high-quality amorphous oxide and nitride films on a silicon surface a few nanometers in thickness. 16, 17 Also much progress has been made in tailoring smooth grayscale profiles in e-beam and photosensitive resists. [18] [19] [20] [21] [22] Our approach is to fabricate the taper profile in PMMA (a positive e-beam resist) on top of a thin layer of silicon nitride that determines the minimum dielectric thickness of the plasmonic dimple lens. The refractive index of the PMMA is 1.49-1.52 and is close to that of SiO 2 . Our process sequence also ensures that gold is deposited onto smooth amorphous dielectric surfaces thereby minimizing the scattering energy loss owing to interface roughness.
The exact process sequence as depicted in Figure 3 emerged from numerous trials involving different materials like metals, dielectrics, polymers, and epoxies, and different process steps like etch and polishing. 23 Thin silicon nitride of ∼10 nm thickness was deposited on a standard silicon wafer, using a low-pressure chemical vapor deposition (LPCVD) process. Gold islands were then patterned on this smooth silicon nitride surface using photolithography, e-beam evaporation, and liftoff process (Figure 3a) . These islands constitute the lower Au layer in the Au-dielectric-Au stack of Figure 2a . They also include the fiducial alignment markers for subsequent e-beam lithography steps and the end point detection markers for the final edge-polishing step.
About 300 nm of silicon nitride was deposited on top of these islands by a plasma-enhanced chemical vapor deposition (PECVD) process to reduce stress on the thin LPCVD silicon nitride during the subsequent bulk silicon removal step. The patterned side of the sample was bonded to a glass piece using low stress silica-filled epoxy for support during the silicon substrate removal. This stack is shown in Figure  3b . The silicon substrate was thinned down to less than 50 µm using deep reactive ion etching (DRIE). The remaining silicon was removed by wet etching in a 1:1 mixture of HF and HNO 3 as depicted in Figure 3c . This mixture etches silicon but etches LPCVD silicon nitride over 10 3 times more slowly.
A semicircular Au grating of 30 nm height and 390 nm period was patterned using e-beam lithography, e-beam evaporation, and a resist liftoff process (Figure 3d) . A circular dimple profile was then formed in a 100 nm layer of PMMA with a single spot exposure using e-beam lithography ( Figure  3e ). Both the grating and the dimple were inspected using a scanning electron microscope (SEM) and an atomic force microscope (AFM), respectively, as can be seen in Figure  4 . To form the top Au layer of Au-dielectric-Au stack as shown in Figure 2a , 100 nm layer of Au was evaporated on top of the PMMA layer using e-beam evaporation ( Figure  3f ). This Au layer was then etched to gain optical access to the grating using Ar-ion sputter etch with e-beam patterned SU-8 (a negative e-beam resist) as a mask. Figure 3g depicts the stack at this stage. The structure is then bonded to another piece of glass using optically transparent epoxy for additional support during the mechanical polishing step as seen in Figure 3h . Finally, the sample is polished from the edge until the center of the dimple is exposed at the polished edge facet (Figure 3i) . The topographic and phase-shift images from the AFM scan of the polished edge facet are shown in Figure  5 .
The fabricated device was characterized using a modified Veeco Aurora-3 NSOM system, which uses shear-force feedback for scanning. A schematic of the measurement setup is shown in Figure 6 . The sample was mounted vertically on the NSOM stage so that the polished out-coupling edge of the device points upward. A 633 nm light from a HeNe laser was focused from the side onto the grating region of the device using a microscope objective (50×, 0.45NA). The out-coupled light from the device was collected with a photomultiplier tube (PMT) through a commercially available pulled-fiber NSOM probe.
The sample was scanned with the NSOM probe to acquire both the topographic image and the scanned optical image at the same time. Panels a and b of Figure 7 show good correlation between the region of high intensity of light in the optical image with the dimple region of the device in the topographic scan. Furthermore the spot size formed by the dimple lens is smaller than that formed by the circular grating coupler alone, as evident from panels b and d of Figure 7 , respectively. It is important to note that the absolute spot size measurement in panels b and d of Figure 7 is believed to be limited by the size of the pulled-fiber probe Conclusions. We have designed and fabricated a novel plasmonic dimple lens structure in Au-dielectric-Au geometry for focusing visible light to the nanoscale. Comparison of measurements of the circular grating coupler alone and the circular grating coupler together with a dimple lens reveal additional focusing provided by the plasmonic dimple lens. However, the measurement of the final spot size produced by the dimple lens was not possible due to the resolution limit of the pulled-fiber NSOM probe used in the experiment. Our plasmonic lens is capable of focusing light to spot sizes smaller than the aperture size of the commercially available pulled-fiber NSOM probes.
The fabrication strategy is such that the critical dimension of this plasmonic lens is controlled by the layer thickness of the dimple gap and NOT by the transverse lithographic limitations of electron beam or ion beam processes or equipment. The mechanical edge-polishing step in our fabrication sequence lends itself to be easily adopted by the process flow of the magnetic read-write head of a commercial hard drive. Thus, this structure could potentially be an excellent candidate for the heat-assisted magnetic recording (HAMR) technology, where the plasmonic dimple lens would be used to focus light to provide the strong local heating required for the next generation higher density hard drives. 24, 25 There are possible improvements in our diagnostics to address the difficulty in measuring the local peak electric field. The limitations of measuring the spot size of the dimple lens using a pulled-fiber aperture probe may be overcome by using a sharp apertureless probe tip to scatter the energy at the focal point and collect this signal in the far-field 26 while scanning the out-coupling facet of the dimple lens. Another approach is to use a negative-tone photoresist 27, 28 that is sensitive to the 633 nm laser excitation wavelength. Such a photoresist is suitably applied to the out-coupling facet of the dimple lens and gets exposed to the energy at the focal point when the excitation laser source is turned on. After this, the photoresist can be developed in a developer solution so that the unexposed photoresist is washed away, leaving behind a nanospeck of resist at the focal point. A subsequent AFM scan of the out-coupling facet will determine the spot size of the focused energy. We hope that our dimple lens will be better characterized in the future with at least one of the aforementioned methods. 
